We have studied the kinetics of RNA synthesis from the vaccinia virus 7,500-molecular-weight gene (7.5K gene) which is regulated by early and late promoters arranged in tandem. Unexpectedly, after a first burst of RNA synthesis early in infection, transcription was reactivated late in infection. Reactivation was not dependent on the location of the promoter in the genome or on the presence of the upstream late regulatory sequences. The mRNA synthesized from the reactivated promoter in the late phase had the same 5' and 3' ends as the molecules transcribed in the early phase. Interestingly, these molecules were efficiently translated despite the absence of the poly(A) leader characteristic of late mRNAs. Reactivation appears to be dependent on virus assembly since it is prevented by rifampin, a specific inhibitor of morphogenesis. Finally, analysis of various other early genes showed that reactivation is not unique to the 7.5K early promoter.
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Vaccinia virus is a complex animal DNA virus which replicates in the cytoplasm of infected host cells. The double-stranded DNA genome of the Copenhagen strain has been sequenced and consists of 191,636 bp (22) . A sizable fraction of this large genome encodes enzymes and transcription factors involved in the synthesis and modification of viral mRNA (31) . This renders vaccinia virus largely, and perhaps entirely, independent of host nuclear functions for gene transcription.
The virus replication cycle can be summarized as follows: immediately after infection, the first uncoating step results in the release of the viral core into the cytoplasm of the cell. The RNA polymerase contained within the core then transcribes the early genes. Following expression of these genes, the DNA is released from the core and replicated. This allows expression of the intermediate genes, whose transcription follows DNA replication (46) . Upon expression of the intermediate genes, the late genes, many of which encode structural proteins, are expressed. Finally, progeny virions are assembled in a complex morphogenesis process.
The transition between consecutive phases of gene expression is mediated by phase-specific transcription factors which are encoded by genes of the preceding temporal class. The promoter elements of representative examples of all three temporal classes of vaccinia virus genes have been characterized. Early promoters are about 30 bp long and contain an important sequence element located between positions -28 and -13, which has been designated the critical region (16) . Intermediate and late promoters are also short; they extend about 30 to 40 bp upstream of the transcription initiation site and possess distinct sequence elements characteristic of a given temporal class (5, 17, 24) .
Early transcription requires the presence of the vaccinia virus early transcription factor (VETF) and an RNA polymerase-associated protein, designated RAP 94 (2) . VETF binds specifically to the early promoter critical region and determines the site of transcription initiation (10, 16, 50) . VETF and RAP 94 are made late in infection, packaged into progeny virions, and used in a subsequent round of infection. * Corresponding author.
Like their cellular counterparts, vaccinia virus mRNAs are capped and polyadenylated. Early mRNAs usually have short 5' untranslated regions, while late mRNAs possess an unusual capped poly(A) stretch at their 5' ends. The size of this so-called poly(A) leader ranges from a few to more than 30 A residues that are not encoded by the genome. Instead, they are added by the virus RNA polymerase via a backward slippage mechanism (8, 39, 40) . Termination of early transcription occurs about 20 to 50 bp downstream of the sequence 1TLTTNT (51) and requires the presence of the viral capping enzyme (41) . However, in vivo studies suggest that termination directed by this motif is not 100% efficient (18) . In contrast to the early transcripts, late mRNAs apparently fail to terminate at specific sites and as a consequence are long and heterogeneous in size (14, 29) .
It is generally believed that early promoters are silent late in infection. Interestingly, extracts prepared from cells in the late phase of infection are also able to transcribe templates containing the vaccinia virus 7,500-molecular-weight early promoter (7.5K early promoter) (34, 48, 49) . This observation led us to investigate the activity of this particular promoter late in infection in vivo. The promoter of interest is part of a more complex regulatory region, as it is preceded by an upstream late promoter element. Thus, transcription of the 7.5K gene occurs from two distinct initiation sites separated by about 55 bp (13) .
In this paper, we present an analysis of the kinetics of transcription from the 7.5K early promoter and show that after a first burst of RNA synthesis early in infection, a second burst occurs very late in infection, well after late gene expression has reached maximal levels. Similar analyses performed on other early genes show that such a reactivation of transcription is not restricted to the 7.5K early promoter.
MATERIALS AND METHODS
Viruses and cells. The WR strain of vaccinia virus was used. A rifampin-resistant mutant virus (43) 10 ,ug of total RNA isolated at 2 h postinfection. The hybridization and nuclease Si digestion were performed as described previously (36) .
RESULTS

Expression pattern of genes of different temporal classes.
The kinetics of RNA synthesis from the 7.5K tandem early/late promoter were investigated during a 12-h period of infection by primer extensions. Also included in the analysis were representative examples of all three temporal classes of vaccinia virus genes, namely, the TK early gene (25, 47) , the AlL intermediate gene (27) , and the ilK late gene (7) . Oligonucleotides used in this analysis are shown in Table 1 .
As seen in Fig. 1 , TK early mRNA was first detected at 1 h after infection and reached its highest levels at about 3 h. At later times, only trace amounts were observed. As expected, transcription of the AlL intermediate gene was delayed by about 2 h with respect to the TK gene. RNA levels peaked at 4 to 5 h and then decreased rapidly. Finally, transcription of the ilK late gene started at about 5 h, and by 6 h RNA levels had reached peak values, which stayed constant for the remaining period investigated. Primer extension of the ilK and AlL RNAs resulted in multiple bands because of the presence of the poly(A) leader, which is heterogeneous in length.
Transcription from the 7.5K gene was also analyzed. Since this gene is regulated by both an early and a late promoter with corresponding transcription initiation sites separated by about 55 bp (13) , two temporal classes of RNA were observed. Again, extension products of RNA from the late promoter yielded a broad smear.
Primer extension of the 7.5K early RNA yielded an unexpected result. Small amounts of the RNA were first detected at 1 h after infection, as was also the case for the TK early RNA. The amount of RNA then increased and decreased with kinetics characteristic of early transcripts.
Surprisingly, late in infection a second increase in the amount of 7.5K early RNA was detected, increasing until 12 h, the last time point investigated. In other experiments in which synthesis was monitored for longer periods, RNA levels continued to rise slightly until 15 h and then decreased, although relatively large amounts of transcripts were still detectable at 24 h (data not shown). Reactivation The autoradiographs were scanned, and the values were normalized to either the value at 12 h postinfection (7.5 E, 7.5 L, and 11K) or to the maximal value (TK), which was set to 100.
was observed not only in the CV-1 cells which we have used in most experiments but also in HeLa cell monolayers and is thus not restricted to a particular cell line (data not shown).
Analysis of transcription from the isolated 7.5K early promoter. Reactivation of early transcription late in infection occurs from the early promoter of the 7.5K gene, but not from that of the TK gene, which contains only an early regulatory region. We therefore considered the possibility that the close vicinity of the late promoter somehow mediates the reactivation of transcription from the 7.5K early promoter. This was investigated by analyzing RNA synthesis from the early promoter separated from the upstream late When RNA isolated from cells infected with the r7.5KCAT recombinant virus was analyzed by primer extension, both temporal classes of RNA were detected, and these accumulated with the expected kinetics (Fig. 3A) . However, although reactivation of transcription from the early promoter was always observed, it was less pronounced than in the case of the 7.5K early promoter in its original position, and the extent of reactivation varied from experiment to experiment (data not shown). CAT activity increased steadily during the entire period of infection (Fig. 3B) . The results of the RNA analysis and CAT assays were quantified and are represented in Fig. 3C .
To test whether reactivation of early transcription depends on the presence of the upstream 7.5K late promoter sequences, cells were infected with the r7.5ECAT recombinant virus. The results of RNA analysis and CAT assays are shown in Fig. 4 . Significantly, a strong reactivation of early transcription was still observed. Thus, reactivation of early transcription from the 7.5K early promoter is independent of the presence of the late promoter element. CAT activity increased up to 4 h after infection and then reached a plateau. After 8 h, a second rise in enzyme activity was observed ( Fig. 4B and C) provided a means of answering the question of whether recognition of the termination signal is determined by the phase of gene expression or by the class of promoter used. To address this question, Northern blot analysis of RNA isolated from cells infected with r7.5ECAT recombinant virus was performed. RNA isolated at different times was blotted and hybridized to radioactively labeled riboprobes (Fig. 5B) . With the TK-specific riboprobe (Fig. SA) , we expected to obtain an RNA of about 1,500 nucleotides resulting from transcription termination at the TK gene termination signal, and such a band was observed (lanes 1,  2) . Unexpectedly, a second species consisting of about 1,100 nucleotides was also present. The size of this RNA suggested that termination occurred in the CAT gene coding sequences. Indeed, inspection of the sequence revealed a stretch of seven T residues at the expected position, corresponding to the vaccinia virus transcription termination signal. That this sequence actually functions as a terminator was demonstrated by S1 mapping of RNA isolated 2 h postinfection (Fig. SC) . With a 3'-end-labeled probe, protected fragments with sizes of about 560 and 180 nucleotides were observed, consistent with the existence of two termination sites. When the blot was probed with a CAT genespecific riboprobe (Fig. SB, lanes 7 to 12) , three RNA species consisting of 1,S00, 1,100, and 700 nucleotides were detected in early RNA. Transcription initiation at either the TK or 7.5K early promoter and termination at either of the two identified sites were expected to result in four RNA species. However, two of these were very similar in size (Fig. 5A ) and would not be expected to be resolved by agarose gel electrophoresis. Importantly, both the signals for the 700-and 1,100-nucleotide RNA originating from the reactivated promoter increased in intensity late in infection, indicating that the early termination signals were also recognized late in infection. The smear observed in Fig. 5B in the lanes containing late RNA is due to long heterogeneous read-through transcripts initiated upstream of the TK gene (4) .
Reactivation of other early promoters. The experiments described above demonstrate that transcription from the 7.5K early promoter is reactivated late in infection. To test whether other early promoters also have this property, we analyzed transcription of several other genes. Primer extension analysis was performed with RNA transcribed from KlL (9, 21) , HSR (35) , VGF (45) , and three genes coding for RNA polymerase subunits: rpol47 (11), rpol32 (3) (data not shown), and rpo3O (1) (Fig. 6A) between 2 and 4 h postinfection, after which RNA levels decreased. However, at 12 h, RNA levels were again as high as during the first wave of transcriptional activity. Transcripts from the late promoter (L), which is weak, were not easily detected and produced a smear just below the position of the 5' ends of the major early transcripts.
The apparent differences in the activity of various early promoters late in infection (rpo3O E2 versus El and 7.5K versus TK) strongly argue against the possibility that reactivation is dependent upon the progeny virus superinfecting another infected cells. To formally rule out this possibility, we performed experiments with the drug N1-isonicotinoyl- N2-3-methyl-4-chlorobenzoylhydrazine (IMCBH) (26) . This compound prevents virus envelopment and release without significantly affecting the production of intracellular naked virus (37) . Analysis of RNA from cells infected in presence of the drug (10 p,gIml) demonstrated that IMCBH did not inhibit reactivation.
Rifampin prevents reactivation. Since reactivation of early transcription occurs at a time when the first progeny virions are assembled, we tested whether reactivation might be linked to morphogenesis. Rifampin at a concentration of 100 ,ug/ml, but not at 50 ,ug/ml, specifically inhibits the maturation of progeny virions but has little or no effect on viral DNA, RNA, or protein synthesis (6, 32, 33; 42) .
To test the influence of rifampin on reactivation, cells were infected with wild-type (rifampin-sensitive) virus and grown in medium containing either 50 or 100 ,g of the drug per ml. At various times after infection, 7.5K RNA was analyzed by primer extension. The results of the densitometric scanning of the signals corresponding to transcripts initiated at the early promoter are shown in Fig. 7A . Both in the absence and presence of 50 ,ug of rifampin per ml, reactivation was apparent. In the absence of the drug, the degree of reactivation at 12 h postinfection was higher than that usually observed. More importantly, with 100 ,ug of rifampin per ml, no reactivation occurred. Late transcription was apparently unaffected by the presence of rifampin, as the levels of transcripts initiated at the upstream late promoter were similar, irrespective of the drug concentration (data not shown). In order to exclude nonspecific effects of rifampin we also tested its effects on a drug-resistant mutant virus (43) and found that rifampin at a concentration of 100 ,ug/ml did not prevent reactivation (Fig. 7B) .
DISCUSSION
Transcription from the early 7.5K promoter is reactivated late in infection. In analyzing RNA made from the 7.5K early promoter region, we were surprised to find that after the expected first burst of RNA synthesis early in infection, a second peak appeared late in infection (Fig. 1) . Reactivation of early transcription was not observed for several other early promoters, and moreover, reactivation was not affected by an inhibitor of virus release, excluding the possibility that the second burst of transcription from the early 7.5K element was due to a second round of infection. Apparently, reactivation is not due to a position effect but is an intrinsic property of the 7.5K gene promoter region, as this phenomenon still occurs when the promoter is translocated into the TK locus. Also, reactivation was not dependent on the presence of the upstream late promoter, as deletion of this region did not abolish the reactivation of the early promoter.
A subset of early promoters is reactivated. We initially suspected that reactivation might be a consequence of promoter strength and therefore selected some additional early promoters for analysis on the basis of homology to the critical region consensus sequence as established by Davison and Moss (16) . However, the results of these analyses showed no such correlation. Of the six early genes analyzed, only transcription from the rpo3O gene was found to be reactivated. This gene is regulated by two early promoters and one late promoter (1) . One early promoter (El) has a high degree of homology to the consensus sequence and is stronger than the other (E2), which has a lower degree of homology. Significantly, it is the weaker promoter which is reactivated (Fig. 6) , demonstrating that reactivation is not a direct function of promoter strength. Given that the transcripts originating from the 7.5K early promoter initiate and terminate (see below) at the same sites in the early phase and during reactivation, we assume that the factors specific for early transcription play similar roles in reactivation. There must, therefore, be additional elements that are responsible for the differences between various early promoters with respect to reactivation. We consider several mechanisms to explain these differences. For instance, one could imagine the existence of a repressor that prevents the nonreactivated promoters from being active late in infection by binding to a particular DNA sequence. Alternatively, an activator protein could act selectively on promoters subject to reactivation. In an attempt to identify putative sequence elements responsible for the difference between the two classes of early promoters, we performed sequence comparisons between reactivated and nonreactivated promoters. On the basis of the few examples available, we were not able to find any sequence elements particular to either class of early promoters.
The regulatory elements that determine reactivation, although not necessarily located within the 30-bp-minimal early promoter region, would be likely to be quite close to it and exert their effect over only a short distance, as suggested by the fact that the two early promoters of the rpo3O gene, which are separated by only 50 bp, behave quite differently with respect to reactivation. Experiments are under way to identify these regulatory elements.
Termination of early transcription in the late phase. Northern blot analysis and nuclease Si mapping showed that the 7.5K early RNAs made late in infection have discrete 3' ends resulting from specific transcription termination. The ability to recognize the transcription termination signal is therefore promoter specific rather than specific for the early phase of virus gene expression. (20, 38 Whatever the biological significance of reactivation is, we believe that by studying the mechanisms by which only selected early promoters become reactivated late in infection we will be able to learn more about gene regulation in vaccinia virus.
